
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

From Nanoscale Design to Functional Integration of Magnetic Nanoparticle Assemblies

A Gas-Phase Strategy
Sedrpooshan, Mehran

2025

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Sedrpooshan, M. (2025). From Nanoscale Design to Functional Integration of Magnetic Nanoparticle
Assemblies: A Gas-Phase Strategy.

Total number of authors:
1

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

Download date: 21. Jul. 2025

https://portal.research.lu.se/en/publications/f2542a92-3817-4c99-b807-8728574ce510


From Nanoscale Design to 
Functional Integration of 
Magnetic Nanoparticle Assemblies 
A Gas-Phase Strategy

MEHRAN SEDRPOOSHAN  

DEPARTMENT OF PHYSICS | FACULTY OF SCIENCE | LUND UNIVERSITY



From Nanoscale Design to Functional Integration of Magnetic
Nanoparticle Assemblies

A Gas-Phase Strategy



From Nanoscale Design to Functional
Integration of Magnetic Nanoparticle

Assemblies
A Gas-Phase Strategy

by Mehran Sedrpooshan

Doctoral Dissertation
Thesis advisor: Assoc. Prof. Rasmus Westerström

Faculty opponent: Prof. Harald Brune,
École Polytechnique Fédérale de Lausanne (EPFL)

Doctoral dissertation for the degree of Doctor of Philosophy (PhD) at the Faculty of Science at Lund
University to be publicly defended on 5th of June 2025 at 9:00 in Rydberg Lecture Hall, Department of

Physics, Sölvegatan 14, Lund, Sweden.



D
O
K
U
M
EN

TD
A
T A

BL
A
D
en

lS
IS

61
41

21

Organization

LUND UNIVERSITY

Department of Physics
Box 118
SE–221 00 LUND
Sweden

Author(s)

Mehran Sedrpooshan

Document name

DOCTORAL DISSERTATION
Date of disputation

2025-06-05
Sponsoring organization

Title and subtitle

From Nanoscale Design to Functional Integration of Magnetic Nanoparticle Assemblies: A Gas-Phase Strategy

Abstract

The self-assembly of magnetic nanoparticles under external magnetic fields holds great potential for the facile
fabrication of functional magnetic components with a wide range of applications. This work employs a technique
based on electrically charged gas-phase magnetic nanoparticles, demonstrating an additional level of control when
forming one-dimensional assemblies, so-called nanochains, as an electric field can be used in addition to the
magnetic field during the deposition process. This dissertation covers the entire process, from generating charged
gas-phase magnetic nanoparticles with different compositions and tuning their assembly process through electric
fields to their direct integration onto desired substrates, developing practical applications, and conducting detailed
experimental and computational magnetic characterizations and analysis. This work shows that the interplay of
the electric and magnetic fields during the deposition process enables the tuning of the spatial distribution of
structures on the surface. Furthermore, it demonstrates that this approach facilitates control over the composition
of nanoparticles and supports the sequential deposition of different material systems onto each other. Utilizing
the direct integration capability of this method, this thesis showcases the creation of magnetically responsive soft
films and nanoscale magnetoresistive devices. Finally, the magnetic properties of the fabricated structures are
characterized in detail. A combination of magnetometry protocols is used to characterize the structures from an
ensemble-averaged perspective. In addition, X-raymicroscopy, nanochain devices, andmicromagnetic simulations
are used to study the structures from a single nanochain point of view.

Key words

spark ablation, aerosol nanoparticles, magnetic nanoparticles, nanoparticle self-assembly, magnetic soft films, mag-
netoresistive devices, nanomagnetism, magnetization reversal, STXM-XMCD

Classification system and/or index terms (if any)

Supplementary bibliographical information Language

English

ISSN and key title ISBN

978-91-8104-519-2 (print)
978-91-8104-520-8 (pdf )

Recipient’s notes Number of pages

168
Price

Security classification

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to
all reference sources the permission to publish and disseminate the abstract of the above-mentioned dissertation.

Signature Date 2025-04-23



From Nanoscale Design to Functional
Integration of Magnetic Nanoparticle

Assemblies
A Gas-Phase Strategy

by Mehran Sedrpooshan

Doctoral Dissertation
Thesis advisor: Assoc. Prof. Rasmus Westerström

Faculty opponent: Prof. Harald Brune,
École Polytechnique Fédérale de Lausanne (EPFL)

Doctoral dissertation for the degree of Doctor of Philosophy (PhD) at the Faculty of Science at Lund
University to be publicly defended on 5th of June 2025 at 9:00 in Rydberg Lecture Hall, Department of

Physics, Sölvegatan 14, Lund, Sweden.



Cover illustration front: Modified electron microscopy image of a Co nanochain.

Funding information: The thesis work was financially supported by the European Union’s H2020
MSCA (GenerationNano), the Swedish Research Council, the Swedish Energy Agency, the Cra-
foord Foundation, and NanoLund.

Pages i-xiii, 1-64 © Mehran Sedrpooshan 2025
Paper I © Publisher
Paper II © Publisher
Paper III © Publisher
Paper IV ©The authors (unpublished manuscript)
Paper V © Publisher
Paper VI © Publisher

Faculty of Science, Department of Physics

ISBN: 978-91-8104-519-2 (print)
ISBN: 978-91-8104-520-8 (pdf )

Printed in Sweden by Media-Tryck, Lund University, Lund 2025



To the brave women of Iran, whose courage and persistence in the quest for freedom are truly
admirable. Especially to my better half, Elham, whose thoughts and strength continue to

inspire me.





Contents

List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
Popular summary in English . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

1 Introduction 1

2 Magnetic Nanoparticles; Generation, Self-Assembly, and Processing 9
2.1 Spark Ablation and Nanoparticle Generation . . . . . . . . . . . . . . . 9
2.2 Self-Assembly of Magnetic Nanoparticles . . . . . . . . . . . . . . . . . 10
2.3 Continuous Generation and Direct Integration . . . . . . . . . . . . . . 16
2.4 Post-Processing of Assembled Structures . . . . . . . . . . . . . . . . . . 19

3 Nanomagnetism 21
3.1 Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Domain Formation in Nanostructures . . . . . . . . . . . . . . . . . . . 25
3.3 Magnetization Reversal in Nanostructures . . . . . . . . . . . . . . . . . 27
3.4 Magnetoresistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4 Experimental Techniques and Simulation Tools 35
4.1 Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 X-Ray Based Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3 VSM-Magnetometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.4 Nanofabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.5 Micromagnetism as a Computational Tool . . . . . . . . . . . . . . . . . 44

5 Conclusions and Outlook 47

Appendix 51

References 53

Scientific Publications 63
Author Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Paper I: Template-free generation and integration of functional 1D magnetic

nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65



Paper II: Single-step generation of 1D FeCo nanostructures . . . . . . . . . . . 81
Paper III: Effect of the carrier gas on the structure and composition of Co–Ni

bimetallic nanoparticles generated by spark ablation . . . . . . . . . . . . 93
Paper Iv: Facile morphology and composition control of self-assembled struc-

tures by charged gas-phase magnetic nanoparticles . . . . . . . . . . . . . 109
Paper v: Single-step production and self-assembly of magnetic nanostructures

for magneto-responsive soft films . . . . . . . . . . . . . . . . . . . . . 121
Paper vI: Direct device integration of single 1D nanoparticle assemblies; A mag-

netization reversal and magnetotransport study . . . . . . . . . . . . . . 133

ii



List of publications

This thesis is based on the following publications. The papers are referred to in the text by
their Roman numerals:

I Template-free generation and integration of functional 1D magnetic nanostruc-
tures
M. Sedrpooshan, C. Bulbucan, P. Ternero, P. Maltoni, C. Preger, S. Finizio, B.
Watts, D. Peddis, A. M. Burke, M. E. Messing, R. Westerström
Nanoscale, 2023, 15 (45), 18500-18510,
DOI: 10.1039/D3NR03878E

II Single-step generation of 1D FeCo nanostructures

M. Sedrpooshan, P. Ternero, C. Bulbucan, A. M. Burke, M. E. Messing, R. West-
erström
Nano Express, 2024, 5 (2), 025008,
DOI: 10.1088/2632-959X/ad3e1c

III Effect of the carrier gas on the structure and composition of Co–Ni bimetallic
nanoparticles generated by spark ablation
P. Ternero, M. Sedrpooshan, D. Wahlqvist, B. O. Meuller, M. Ek, J. Hübner, R.
Westerström, M. E. Messing
Journal of Aerosol Science, 2023, 170, 106146,
DOI: 10.1016/j.jaerosci.2023.106146

Iv Facile morphology and composition control of self-assembled structures by
charged gas-phase magnetic nanoparticles
M. Sedrpooshan, A. Omelyanchik, P. Ternero, C. Bulbucan, P.Maltoni, D. Peddis,
A. M. Burke, M. E. Messing, R. Westerström
In manuscript

v Single-step production and self-assembly of magnetic nanostructures for
magneto-responsive soft films
M. Sedrpooshan, P. Maltoni, D. Peddis, A. M. Burke, M. E. Messing, R. Wester-
ström
ACS Applied Materials & Interfaces, 2025, 17 (14), 21682,
DOI: 10.1021/acsami.5c00992

iii

https://doi.org/10.1039/D3NR03878E
https://doi.org/10.1088/2632-959X/ad3e1c
https://doi.org/10.1016/j.jaerosci.2023.106146
https://doi.org/10.1021/acsami.5c00992


vI Direct device integration of single 1D nanoparticle assemblies; A magnetization
reversal and magnetotransport study
M. Sedrpooshan, C. Bulbucan, D. J. Carrad, T. S. Jespersen, A. M. Burke, M. E.
Messing, R. Westerström
Nanotechnology, 2025, 36, 185601,
DOI: 10.1088/1361-6528/adc1d0

All papers are reproduced with the permission of their respective publishers.

Papers that I have contributed to during my PhD but are not included in this thesis:

vII Tunable synthesis and magnetic properties of Co–Ni nanoparticles: from high-
coercivity metallic to exchange-biased Janus nanostructures
P. Ternero, M. Sedrpooshan, D. Wahlqvist, B. Bozzo, A. Palau, A. Kovács, R. E.
Dunin- Borkowski, M. Ek, R. Westerström, and M. E. Messing
In manuscript

vIII Tunable Magnetic Environment at the SoftiMAX Beamline

C. Bulbucan, I. Beinik, J. Schwenke, L. Roslund, M. Sedrpooshan, R. Wester-
ström, J. Brandão, I. Neckel, K. Thånell
In submission

Ix In-flight observation and surface oxidation modification of tin oxide nano-
particles for gas sensing applications
C. Preger, L. Jönsson, P. Ternero, M. Sedrpooshan, M. Bermeo Vargas, A.
Kivimäki, N. Walsh, M. Messing, A. Eriksson, J. Rissler
ACS Applied Nano Materials, 2025, 8 (12), 6004,
DOI: 10.1021/acsanm.5c00144

x Direct observation of liquid–solid two-phase seed particle-assisted kinking in
GaP nanowire growth
T. Hu, M. S. Seifner, M. Snellman, D. Jacobsson, M. Sedrpooshan, P. Ternero,
M. E. Messing, K. A. Dick
Small Structures Journal, 2023, 4(9), 2300011,
DOI: 10.1002/sstr.202300011

iv

https://doi.org/10.1088/1361-6528/adc1d0
https://doi.org/10.1021/acsanm.5c00144
https://doi.org/10.1002/sstr.202300011


Abbreviations

1D – one dimensional

DMA – differential mobility analyzer

ESP – electrostatic precipitator

SEM – scanning electron microscopy

STEM – scanning transmission electron microscopy

STXM – scanning transmission X-ray microscopy

TEM – transmission electron microscopy

XEDS – X-ray energy dispersive spectroscopy

XMCD – X-ray magnetic circular dichroism

v



Acknowledgements

First and foremost, I would like to express my heartfelt gratitude to Rasmus, my main su-
pervisor. I truly appreciate the guidance, trust, and freedom you provided me to explore
various ideas. I am especially grateful for your constructive feedback and your impressive
way of articulating scientific work. Also, I would like to express my deepest gratitude to
my co-supervisor,Maria. I truly appreciate the exceptional research environment you have
fostered, as well as your continuous support and encouragement. I am grateful for all the
opportunities you provided, which allowed me to evolve as a scientist and as a person. I am
also deeply grateful to Adam, my second co-supervisor, for his invaluable support during
this work. I have learned so much from you, and our discussions continuously added new
dimensions to the projects.
When I first came to Lund in 2020, Claudiu was the one who showed me around and
helped me get started with everything. Later, he also supported us with the X-ray micro-
scopy measurements at Max IV. I am deeply grateful to you, Claudiu, for your invaluable
contributions and for everything I have learned from you. I am deeply indebted to Calle,
who was the first to teach me how to work in the spark ablation lab and who, little by
little, guided me toward the topic. Your way of approaching science in a detailed and care-
ful way has always been inspiring for me. I feel incredibly privileged to have been part
of the aerosol group during this period. This group has been a place of both intellectual
growth and lasting friendships. I was fortunate to get to know Knut, Thomas, Sara, Lin-
néa, Markus, and Martin. I have learned from each and every one of you. Thank you for
all the interesting discussions and fun get-togethers at Maria’s and Knut’s places. A special
thanks to Bengt for building the aerosol generator and for his deep knowledge and kind
support, which made this work possible. I am grateful to Pau and Marie, with whom I
shared my PhD journey from the harsh COVID-19 period to the present. I have learned
so much from both of you. Sam, it has been a pleasure getting to know you and working
with you. Your passion for research is truly admirable, and I wish you all the best in your
future endeavors. A special wish for Hajar, who is carrying the torch forward, I hope you
navigate the challenges ahead with resilience and success.
I extend my appreciation to all my colleagues at the Division of Synchrotron Radiation
Research (SLjus) and the Division of Solid State Physics (FTF), as I had the opportunity
to work across both divisions. I am grateful to Vidar, my office mate, and Nils, sitting in
the opposite office, for the occasional chats and their amazing know-how in everything. I
am thankful to Elizabeth Blackburn and her team members for the meetings and journal
clubs related to magnetism. I would also like to thank the NanoLund technical and ad-
ministrative staff for creating a stimulating research environment and providing essential
support throughout this work.
A special acknowledgment goes to Thomas Greber, who generously welcomed us into his
lab at the University of Zurich. I also sincerely thank Davide Peddis and Pierfrancesco

vi



Maltoni, along with their group members, for their expertise and willingness to collabor-
ate, which helped overcome the challenges posed by equipment limitations. Additionally,
I am grateful toThomas Jespersen andDamon Carrad for their warm collaboration on the
electrical measurements at the Technical University of Denmark.
I am honored to have been part of theGenerationNano program, EuropeanUnion’sH2020
MSCA (Grant No. 945378), and I sincerely appreciate the coordination and support from
Gerda Rentschler. Through this program, I have had the pleasure of getting to know Rad-
hika, Rohit, and many others who have offered me the warmest support.
I was fortunate to do a secondment at Alfa Laval, and I would like to thank Axel Knutsson,
Mehdi Roozban,Mareddy Reddy, and Jenny Rehn Velut for their openness and kind sup-
port. A special thanks as well to Anders Mikkelsen for making this opportunity possible.
On a personal note, I am grateful to have found amazing new friends who have been a con-
stant source of joy and encouragement throughout this journey. Asieh, Ata, Esra, Iosif,
Mado, Mahsa, Mohammad, Rezvan, Reza, Shokoufa, Zahra, thank you for all the fun,
laughter, and unforgettable moments.
Finally, my deepest gratitude goes to my family, and especially to Elham, the love of my
life, whose endless patience and support have been my constant source of strength.

vii



Popular summary in English

In materials science, the most fascinating discoveries often emerge at the tiniest scales, re-
vealing a hidden world where materials exhibit astonishing and unexpected behaviors. At
those scales, tiny pieces of materials, called nanoparticles, possess unique properties that do
not exist in their larger bulk forms. From enhanced strength and unexpected electrical prop-
erties to fascinating magnetic behaviors, nanoparticles are reshaping our understanding of
what materials can do and opening up incredible possibilities in fields like medicine, energy,
and electronics. Magnetic nanoparticles, in particular, drive innovations in healthcare, en-
vironmental remediation, energy and sustainability, and data storage solutions. Imagine a
world where we can carefully select these remarkable particles and arrange them precisely
next to one another, creating components that possess the unique nanoparticle properties
and more extraordinary features that arise when these particles come together and interact.
This concept is called nanoparticle assembly and forms the basis of the following thesis.
Anyone who has ever played with magnets knows that they have a way of arranging them-
selves in neat lines or patterns. It is almost like they have their own magnetic instinct,
pulling together in specific ways. This is also the case for tiny magnetic particles. They
have their own way of arranging. However, to build components that match our applica-
tions and needs, we need to introduce something like a permanent magnet to control the
way the particles assemble. Bringing a magnet close to the tiny particles forces them to align
in a straight line, much like how a magnet arranges paper clips into a chain when placed
nearby. This is the effect of the magnetic field surrounding the magnet and has already
been explored in good detail. However, merely using a magnet to arrange particles does
not always result in components that fulfill our requirements. At times, we require greater
control over the length of these chains, other times, the distance between parallel structures
matters, and occasionally, we need the ability to selectively choose the elements within the
particle chains. To make this happen, this work adds electric charges to the particles to
increase the level of control on the particle assembly, enabling the use of electric fields in
addition to the magnetic field during the assembly process.
Making magnetic particles charged is challenging. One challenge is that the particles might
release their charge to the surrounding environment. Due to this, we need to keep them
away from direct contact with other materials until they are settled down in desired struc-
tures. We address this challenge by employing gas-phase particle production methods as
opposed to the majority of the previous works relying on solution-based synthesis. In gas-
phase methods, generated particles are initially suspended in an inert gas until deposited on
suitable surfaces. For producing such particles in this work, a method called spark ablation
is used. This technique can produce nanoparticles from repetitive sparks between feedstock
electrodes and is among the most sustainable methods for generating elemental and alloy
nanoparticles, as it directly creates them from bulk materials without relying on any hazard-
ous chemicals. Apart from enabling the charging of particles while they are suspended in

viii



the gas, this technique offers good control of the elemental composition of particles, which
allows tuning the properties of single particles simply by using the right electrode materials.
Moreover, having the particles suspended in the gas provides another capability, which is
the direct integration of these particles on any surface for various applications. This cap-
ability is incredibly valuable, as it allows us to, for example, arrange the particles using our
electric and magnetic knobs on electronic chips for fabricating novel electric devices or even
deposit them onto a flexible polymer, making the polymer magnetic and capable of being
steered by magnetic fields from a distance which has significant potential for applications.
The possibilities with the presented particle generation and assemblymethod are vast. How-
ever, to proceed further, we need to know what these structures have to show us. This work
also explores the magnetic properties of these structures from both amacroscopic and nano-
scopic perspective, using some of the most sensitive devices and microscopes available. Ad-
ditionally, electrical devices are made out of the structures to look into the electrical signal
and learn about the properties and potential use of the structures. The assembled nan-
oparticles are also directly incorporated into polymer films, and the polymer response to
magnetic fields is examined, opening the way for the use of the structures in future applica-
tions and advancements. The results show that, first of all, the new methodology improves
the control on the self-assembly process. This enables facile control over the length, separ-
ation, and composition of the structures deposited on a surface. Magnetic measurements
show that the arrangement of particles into chains enhances the magnetic properties, in the
sense that they are more stable in their magnetic characteristics against external magnetic
fields. The direct integration of the structures for developing nanoscale devices demon-
strates that the devices can be used to understand the underlying processes going on at
those scales, and also shows that the devices can be developed further as low-cost sensing
components. Magnetic polymers fabricated by the direct deposition of particles on flex-
ible substrates show considerable response of the films to magnetic fields, stemming from
the magnetic interactions between particles. In addition to the high response of the films,
the methodology allows for the scalable production of these components, which is hard to
achieve using previous methods.
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Chapter 1

Introduction

Materials have always been at the heart of technological advances, defining the boundaries
of what is possible. Nanotechnology has emerged as a particularly exciting area of research,
allowing scientists to manipulate materials at the atomic level. By working at these incred-
ibly small scales, it is possible to achieve properties and behaviors that differ dramatically
from those of bulk materials. This ability to control matter at the nanoscale has paved the
way for breakthroughs in fields like electronics and energy. Any structure where at least
one of its dimensions falls into the 1-100 nm range is called a nanostructure. Nanostruc-
tures have a variety of shapes, such as nanoparticles, where all three dimensions are in the
1-100 nm range, nanochains and nanowires with two dimensions, and thin films with one
dimension in this range (depicted in Figure 1.1).

Figure 1.1: (a) Nanoparticles, (b) nanochain, (c) cylindrical nanowire, and (d) thin film.

Magnetic materials are essential for several applications, such as data storage, sensing, en-
ergy conversion, communications, and biomedicine. Within this field, magnetic nano-
structures play a crucial role, as they manifest unique properties holding significant po-
tential for developing novel applications. As an example, magnetic nanoparticles represent
a fascinating class of magnetic materials with diverse applications and potentials. Since
the size of the particles is comparable to the characteristic magnetic length scales, unique
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magnetic features such as the single domain state and coherent magnetization switching
emerge. Due to this, magnetic nanoparticles have gathered attention in storage and sens-
ing devices as well as in biomedical engineering, where magnetic particles can be utilized for
targeted therapy and as contrast agents for magnetic resonance imaging (MRI)[1, 2, 3]. Ad-
ditionally, the nanoscale size of the particles provides a high surface-to-volume ratio and an
enhanced number of active surface sites. This feature, together with the feasibility of steer-
ing magnetic particles with a magnetic field, has provided a capability for environmental
remediation such as contaminant removal from water or soil[4, 5]. Another example is
nanometer-thick multilayers exhibiting the giant magnetoresistance (GMR) effect, which
revolutionized data storage technology when developed as hard disk drive read heads. This
breakthrough gave rise to the field of spintronics that utilizes both the charge and spin state
of the electron and holds promise for future technological developments[6].
Magnetic 1D nanostructures with high aspect ratio and anisotropic properties, such as cyl-
indrical nanowires, have gathered significant interest, not only because of the promise of
new physical phenomena[7] but also due to their great potential in magnetic storage and lo-
gic devices[8, 9, 10], spintronic applications[11, 12, 13, 14], and novel permanent magnets[15,
16]. The linear 1D arrangement of self-assembled nanoparticles, known as nanochains,
forms another important class of 1D nanostructures. Nanochains have structural similar-
ities to nanowires in that they possess a large aspect ratio and have potential applications
in micro and nano actuators[17, 18, 19, 20, 21, 22, 23, 24], microwave absorption[25, 26],
catalysis[27, 28], plasmonics[29, 30], sensing[31, 32], bio-medicine[33, 34], and magnetic
resonance imaging[35].
Over time, different synthesis methods are developed for fabricating 1D nanostructures[36,
37]. Magnetic nanowires are typically fabricated using template-assisted electrochemical
deposition, a highly versatile method that allows precise control over size, geometry, and
composition[38, 39, 40]. However, this approach requires dissolving the templates and ad-
ditional transfer steps to deposit the nanowires onto substrates for characterization or device
integration. Alternatively, direct-write fabrication of magnetic nanostructures[41, 42], in-
cluding nanowires[43, 44, 45], can be achieved via focused electron beam induced depos-
ition (FEBID). While FEBID offers significant flexibility in the geometries it can produce,
it is often limited by impurities and poor crystallinity[41, 43]. While current nanowire
fabrication methods pose limitations in integrating magnetic nanostructures for practical
applications, the direct self-assembly of nanoparticles holds great promise for generating
one-dimensional nanostructures with high purity and desired compositions that can be
easily introduced to different surfaces, to meet intended purposes[37, 46].
Most self-assembly techniques utilize nanoparticles suspended in a solution where they or-
ganize into 1D structures via interparticle interactions mediated by ligands, templates, or
external fields[47, 48]. The latter approach is commonly used to form nanochains by ap-
plying a magnetic field directly to the suspension of particles or during drop-casting onto
a substrate[49, 50, 51, 52, 53, 54, 55, 56]. This strategy is simple, cheap, and scalable but
generally lacks precise control of the spatial distribution of the 1D structures, where chain
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aggregation leads to densely packed assemblies along the surface as the solvent evaporates.
Controlled positioning of nanoparticles into separated nanochains with tunable length and
interchain distances has proven to be a great challenge[47], and recent progress relies on
functionalizing nanoparticles[49], or top-down lithography[29, 31, 57, 58]. While these
methods are suitable for certain applications, they add excessive complexity to the processes
and potentially can compromise the cost efficiency and scalability that were previously re-
garded as the key advantages of assembly techniques. Additionally, chemical methods are
primarily applicable to chemical batches and involve multiple stages to produce the final
structures. This challenges the tandem production required for practical purposes.
In parallel to chemical-based methods, gas-phase (aerosol) synthesis techniques have a high
potential for engineering and assembling nanoparticles[59, 60, 61]. An aerosol is a sus-
pension of fine particles with sizes from a few nanometers to 100 μm in a gas. Aer-
osol synthesis methods are known for their scalability, and particles produced via these
methods are of high purity and uniformity. Previous studies using aerosol methods to as-
semble magnetic nanoparticles have typically relied on permanent magnets for nanoparticle
collection[27, 28, 62, 63]. This approach promotes particle assembly during deposition but
offers limited control over the self-assembly process. Consequently, the full potential of
this methodology remains unexplored. This dissertation further develops the capabilities
of gas-phase nanoparticle assembly by utilizing charged magnetic particles[64] and shows
how this additional degree of freedom can give rise to enhanced control on the formation
of 1D nanochains and their final properties. During the self-assembly process, the nano-
particles are attracted to a substrate using an electric field, where they are self-assembled,
one by one, into 1D nanochains along the direction of an applied magnetic field. Addi-
tionally, it is demonstrated that by varying the electric field, and thereby the ratio of electric
and magnetic forces on particles, the spatial distribution of the deposited nanochains on
substrates can be controlled. The approach is highly versatile as it relies on charged aerosol-
ized nanoparticles, which can be produced through various methods, including atomizing
particles from a chemical solution, flame spray synthesis, or evaporation techniques[65]. In
this methodology, the fabrication process can be divided into particle formation and de-
position. Particle formation involves the evaporation of bulk materials by physical means,
particle shape modification, charging, and size selection. While the deposition involves
the extraction of particles from the gas-phase using a combination of electric and magnetic
fields, and the self-assembly of particles on desired surfaces. The following provides an
outline of the concepts carried out in this work.

Nanoparticle Generation

As mentioned above, nanoparticles are the building blocks of the self-assembled structures.
They can be formed using wet chemical methods, where the particles are synthesized from
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precursors through chemical reactions. They can also be generated using gas-phase physical
techniques, where they are produced through physical processes such as evaporation. The
latter methodology has a much lower negative environmental impact, and the produced
particles are commonly of higher purity since the process is chemical-free and does not
require the introduction of impurities such as catalysts and surface modifiers.
This study uses the spark ablation method, which is a versatile and robust technique for
producing gas-phase nanoparticles. This method generates nanoparticles into a carrier gas
through spark discharges between two electrodes with desired compositions. Spark abla-
tion, despite being a relatively new technique invented in the 1980s, has demonstrated
highly intriguing and promising results in various fields[66]. Here, ferromagnetic nano-
particles, particularly Co (in Paper I, V, and VI), are generated as single-element nano-
particles. In addition to single-element nanoparticles, the spark ablation technique enables
combining several different elements, including immiscible metals, into nanoparticles[59,
67]. The composition of particles has a significant effect on their physical, chemical, and op-
tical properties and allows for tuning and optimizing the properties required for particular
purposes. Therefore, the technique is also used to showcase the capability of generating al-
loy magnetic materials such as FeCo nanoparticles (Paper II) directly from the co-ablation
of Fe and Co single-element electrodes and FeNi from the ablation of pre-alloyed elec-
trodes. Additionally, in Paper III, the effect of reductive or oxidative carrier gases on the
composition of nanoparticles produced by pre-alloyed Co-Ni electrodes is investigated.

Directed Self-Assembly of Nanoparticles

Despite the advantages of gas-phase techniques in nanoparticle production, these methods
have received less attention regarding magnetic nanoparticle self-assembly. This is largely
due to the greater challenges associated with collecting and assembling particles floating in a
gas compared to those confined within chemical batches. In Paper I, the study shows that
the additional degree of control, charging of particles, and combining electric and mag-
netic fields at the deposition stage allow for the controlled self-assembly of nanoparticles
into chains, thereby expanding the capabilities of these techniques. Figure 1.2 schematic-
ally demonstrates the nanoparticle production from spark ablation to directed deposition of
charged magnetic nanoparticles, together with the involved processes. In addition, Paper
I demonstrates that once the nanochains are integrated onto the desired substrate, post-
annealing can transform the structures into nanowires, overcoming the challenges associ-
ated with nanowire integration that conventional template-assisted methods face.
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Figure 1.2: Spark ablation between two electrodes, in-flight nanoparticle engineering, and directed self-assembly of the charged
magnetic nanoparticles under electric and magnetic fields.

Controlling the Composition and Spatial Distribution of Structures

As in this method, particles are gradually supplied to the substrate, as opposed to chemical-
based methods that particles are introduced all at once, facile consecutive deposition of
different materials on top of each other becomes possible. As shown in Paper IV, this
enables tuning the composition of nanochains in addition to tailoring particles’ composi-
tion, mentioned above. The thesis demonstrates the possibility of combining nanoparticles
with different compositions, forming multisegmented chains or nanocomposite materials
(shown in Figure 1.3(a)) aiming to benefit from the synergy of different material systems.
Additionally, since the deposition is performed by both electric and magnetic forces, Paper
IV shows that the interplay of the two forces applied on particles upon deposition allows for
tuning the spatial distribution of structures on the surface, demonstrated in Figure 1.3(b).
This is while, previously, for tuning the spatial distribution of structures, researchers have
been mostly relying on low-throughput, high-cost patterning of the surface[58].

Figure 1.3: Controlling the (a) composition and (b) spatial distribution of self-assembled structures. Retrieved from Paper IV.
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Direct Integration and Applications

A significant advantage of the methodology further developed in this thesis is the direct
integration of the structures onto selected substrates. This capability can pave the way for
several nanoparticle-based devices and applications. Paper V demonstrates that the dir-
ect assembly of particles onto flexible polymer layers allows for the facile production of
magneto-responsive soft films with high magnetic response suitable for applications based
on magnetic actuation. Also, Paper VI shows that the direct deposition of nanoparticles
onto pre-patterned Si chips allows for the fabrication of electrical components consisting of
nanoparticle assemblies, which in this work are used to analyze the magnetization reversal
through the magnetoresistance signal. These components hold potential for low-cost sens-
ing applications. Figure 1.4 schematically shows the direct integration of nanoparticles in
this thesis, for producing microscale magnetic soft films and nanoscale devices.

Figure 1.4: Direct integration and self-assembly of nanoparticles for the fabrication of microscale soft films and nanoscale
devices.

Investigating the Magnetic Properties

This thesis places significant emphasis on the detailed magnetic characterization of most
of the systems produced in this work. It examines nanoparticle assemblies from both an
ensemble-averaged perspective (in Paper I, II, and V), using magnetization curves obtained
through various protocols, and a nanoscopic perspective (in Paper I, II, and VI), employ-
ing X-ray microscopy and magnetoresistance measurements on individual structures. In
addition to the experimental studies, micromagnetic simulations are developed on systems
closely matching the experimentally produced structures to look into the details of mag-
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netization reversal in nanochains. Figure 1.5 shows an overview of magnetic studies carried
out on the self-assembled structures.

Figure 1.5: Nanoscopic and macroscopic studies carried out on the structures.

Scope of the Thesis

In Chapter 2, the dissertation starts by focusing on the nanoparticle generation in the gas
phase using the spark ablationmethod and then the self-assembly process. The chapter con-
tinues on the possibilities of tuning the composition and morphology of structures. Also,
by demonstrating the capability of the methodology on the direct integration of struc-
tures, the promise of the method in practical applications is shown. Chapter 3 gives an
overview of the fundamentals of magnetism in the structures. Chapter 4 elaborates on
the employed experimental means and the developed micromagnetic simulations. Finally,
Chapter 5 presents the main conclusions and outlook.
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Chapter 2

Magnetic Nanoparticles; Generation,
Self-Assembly, and Processing

2.1 Spark Ablation and Nanoparticle Generation

The spark ablation technique is a versatile method for generating nanoparticles in the gas
phase. It offers a large selection of building blocks, ranging from single-element[64] and
alloy[68, 69, 70, 71] nanoparticles to bi-magnetic systems[72, 73]. This technique has re-
cently become commercialized, indicating its outstanding performance and potential in
various materials research and production areas. A detailed description of the method is
provided in Ref[66].
As shown in Figure 2.1, nanoparticle generation starts from the evaporation of materials
by repetitive sparks between two conducting rods composed of the materials of interest
under a carrier gas flow. The pressure in the system is kept constant during the generation
process at around 1015 mbar. As the evaporated material in a supersaturation state cools
down, it condenses into atomic clusters and then typically sub-10 nm primary particles
that collide, forming larger irregular agglomerates, which are then passed through a Ni⁶³
diffusion charger to obtain an even charge distribution. This balance in the charge distri-
bution is needed for the size selection of the produced nanoparticles. The agglomerates are
then transported through a tube furnace, where they are compacted into single-crystalline
nanoparticles before being size-selected based on their electrical mobility diameter using a
differential mobility analyzer (DMA). The particle concentration can be monitored online
with an electrometer (EM), and subsequently, the deposition time to obtain the desired
coverage can be calculated based on Ref[74]. A description of the bipolar diffusion char-
ger, DMA, EM, and electrostatic precipitator (ESP) is provided in the Appendix.
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Figure 2.1: A schematic of the spark discharge generator (SDG) system used in this work.

2.2 Self-Assembly of Magnetic Nanoparticles

The collection of magnetic nanoparticles on a substrate is conducted in the ESP chamber,
shown in Figure 2.1. ESP provides an electric field up to a few hundred kV/m, which
attracts negatively charged particles to the substrate. To assemble the magnetic particles in
parallel nanochains, a magnetic field is applied to the substrate, by placing it on a permanent
magnet as shown in Figure 2.2(a). Figure 2.2(b) schematically shows the assembly process.
As the charged magnetic particles approach the surface, they are subjected to four main
forces mediated by the electric field, magnetic field, magnetic dipolar interactions, and
Brownian motion. This can be described as

mp
dvp
dt

= FESP + F∆H + Fdipolar + FB, (2.1)

where FESP consists of all forces, such as Coulomb, image, and van der Waals forces, asso-
ciated with depositing charged nanoparticles onto a flat surface using an electric field[75].
F∆H is the magnetic force from a magnetic field gradient, Fdipolar is the magnetic dipole-
dipole forces between incoming and deposited nanoparticles, and FB is the force due to
the Brownian motion of nanoparticles. A detailed modeling of the self-assembly process is
presented before in Ref[64, 76].
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Figure 2.2: (a) Deposition chamber with the permanent magnet underneath the substrate. (b) Schematic of the directed self-
assembly of gas-phase magnetic nanoparticles under electric and magnetic fields.

Ferromagnetic nanoparticles are spontaneously magnetized and self-assemble into 3D inter-
connected chains due to the random magnetization direction of the incoming and depos-
ited particles. In contrast, applying an external magnetic field aligns the particle magnetic
moments, and the self-assembly results in the formation of 1D chains of particles along the
direction of the magnetic field. Figure 2.3(a) shows identical-location electron microscopy
images of a single FeCo nanochain being assembled over time as particles are added one
by one. Moreover, Figure 2.3(b) illustrates that in regions of the sample where incoming
particles are attracted to the top of the structures, the formation of parallel chains or bundles
occurs. The arrows in the image highlight particles deposited on top of the structure, nuc-
leating bundle formation. The length of the structures can be controlled by the number of
deposited nanoparticles or, in fact, the deposition time. Figure 2.3(c) displays the correla-
tion between the average length of FeCo nanochains and the deposited number of particles
per surface area. The linear relation between the two parameters enables straightforward
control over the nanochain length.

Figure 2.3: (a) Identical-location electron microscopy image of a single nanochain displaying the nanochain formation. (b)
Nucleation of parallel chain formation (bundles) from particles deposited on top of chains (scale bars = 200 nm). (c)
The average length of FeCo nanochains per deposited particle concentration. Retrieved from Paper II.
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2.2.1 Tuning the Spatial Positioning of Incoming Particles

The spatial distribution of nanochains on the surface determines interchain interactions
and the resulting magnetic characteristics of the system. One important finding of this
work is that the spatial distribution of chains can be tuned by varying the forces applied
on the particles, presented in Paper V. As particles get close to the substrate, there are
two main forces that attract them to the surface, electric force from the ESP and dipolar
magnetic forces between the particles. The former attracts the nanoparticles uniformly to
the substrate surface, whereas the latter is between the already deposited and arriving nan-
oparticles, which leads to the anisotropic self-assembly. Thus, the interplay between the
two forces determines if the nanoparticles are preferentially attracted to the substrate or the
nanoparticles. The latter leads to longer chains with larger separation, while the former
leads to a more uniform distribution of the particles with shorter inter-particle separation
and, thus, shorter chains. Figure 2.4(a) and (b) show SEM images and image analysis of
nanochains formed under different electric fields. The particle coverage in these images are
approximately the same, however, they are arranged in different ways depending on the
electric field strength. It is observed that lower electric fields (below ≈ 75 kV/m) give rise
to the formation of longer chains, meaning that the incoming particles are more effectively
attracted to the already deposited structures. In addition, at low electric fields, nanochains
tend to grow with larger separations in between. This occurs because the magnetic dipolar
force in Equation 2.1 dominates by diminishing the influence of the electric force. For
instance, the magnetic dipole-dipole force between two 40 nm cobalt nanoparticles separ-
ated by 500 nm is in the order of 10−12 N. In comparison, the force exerted by a uniform
electric field on a singly charged nanoparticle decreases from 10−13 to 10−16 N as the field
strength is lowered from 750 to 3.75 kV/m. This interplay between magnetic and elec-
tric forces enables tuning the nanoparticle assembly process and, thus, the final deposited
structures by only changing the electric field during the deposition. Figure 2.4(c) schemat-
ically shows the structures formed by the same number of particles at low and high electric
fields. This achievement is valuable as the process does not rely on adding complexities to
the self-assembly process. Conventionally, to control the interchain distances, lithographic
patterning or changing the amount of material had to be used to vary the chain separation.
These methodologies either add complexity to the self-assembly process or substantially
change the magnetic system.
It should be noted that, as aerosol nanoparticles tend to follow the carrier gas flow due
to the drag force, there should be sufficient attractive forces applied to the particles upon
deposition to effectively extract the particles from the gas phase. Thus, at low electric fields
(approximately lower than 75 kV/m), where the total attractive forces applied on the gas-
phase particles are reduced, the control on the deposition of particles on a well-defined area
decreases. Moreover, in the absence of strong forces, the Brownian motion of the particles
becomes more pronounced, resulting in a random placement or loss of particles. As a res-
ult, at low electric fields particle deposition occurs with a lower efficiency and also over a
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larger area, which ultimately increases the deposition time required for reaching a desired
particle concentration on the substrate. Therefore, in the case of 40 nm Co nanoparticles,
a minimum electric field from 75 kV/m is preferable.

Figure 2.4: (a) Co nanoparticle self-assembly at different electric fields. (b) Average nanochain length and lateral separation
per electric field. (c) A schematic showing the effect of the electric field on the final particle assembly structures,
considering the same number of particles. Low E⃗ (high E⃗) refers to electric fields approximately below (above) 75
kV/m. Retrieved from Paper IV.

2.2.2 Tailoring the Nanochain Composition

Tailoring the composition of nanoparticles allows for tuning the physical properties of
the nanochains for various purposes. The spark ablation method used here for generat-
ing aerosolized particles allows for tuning the composition by varying the electrode bulk
materials and small adjustments in the production process. Mixing different elements can
be achieved through various strategies, such as using different materials as the anode and
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cathode or using pre-alloyed electrodes. The mixing of materials occurs upon ablating the
electrodes, and material properties and thermodynamics of the involved processes determ-
ine the final state of the nanoparticle composition to be in the form of alloy, Janus, or
core-shell[68, 77, 78]. Paper II demonstrates that the co-ablation of Fe and Co single-
element electrodes leads to alloy nanoparticles with a Fe:Co ratio close to 50:50. Figure
2.5, shows a schematic of the approach together with an electron image with chemical con-
trast from FeCo particles showing the uniform distribution of the elements in the particles.
If other elemental ratios are needed, one option is to use pre-alloyed electrodes with desired
compositions[70]. Figure 2.6(a), shows an schematic of permalloy Fe₂₀Ni₈₀ nanoparticle
formation using this approach. Figure 2.6(b) and (c) shows that the process has resul-
ted in the formation of single-phase FeNi alloy nanoparticles with a lattice parameter of
3.551± 0.001 Å matching FeNi 20:80 and a shift in the X-ray diffraction (XRD) pattern
compared to pure Ni[79]. These two alloying methods further enhance the capabilities of
the methodology and allow for the single-step generation and assembly of 1D structures
with tuned compositions.

Figure 2.5: (a) Schematic of the co-ablation of Fe and Co rods for generating FeCo alloy nanoparticles, (b) electron microscopy
chemical maps of the particles showing uniform distribution of elements, ≈ 50:50 Fe:Co ratio (Paper II).

Figure 2.6: (a) Schematic of the ablation of FeNi pre-alloyed rods with 20:80 at% composition for generating specific alloy
nanoparticle compositions. (b) STEM-XEDS image, and (c) XRD of FeNi particles demonstrating the formation of a
single fcc-FeNi 20:80. The FeNi XRD pattern is compared to that of pure fcc-Ni nanoparticles, showing a clear shift
in the lattice parameter due to the alloying.
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Another strategy for tuning the composition of nanochains is assembling nanoparticles of
different compositions through consecutive depositions. This approach leverages the syn-
ergy of the materials’ properties to obtain improved performance, for instance, in catalysis
or for engineering the magnetic properties[80]. Consecutive low-coverage deposition of
nanoparticles of different compositions leads to segmented nanochains, as illustrated in
Figure 2.7 in the case of Co and Ni.

Figure 2.7: (a) Schematic illustration of multisegmented chain fabrication, and (b) STEM-XEDS image of a Co-Ni segmented
structure produced by the consecutive deposition of Co and Ni particles at low coverages. Sourced from Paper IV.

At higher coverages, the same approach produces bundles of parallel nanochains with dif-
ferent compositions, see Figure 2.8. This approach increases the likelihood of interchain
exchange interactions as they are laterally connected. An innovative example would be to
combine magnetically hard and soft magnets with a 1D geometry to create hard/soft ex-
change coupled composites combining the large anisotropy and high magnetization of the
hard and soft phases, respectively[81].

Figure 2.8: (a) Schematic illustration of nanocomposite fabrication, and (b) X-ray fluorescencemicroscopy image of Co-Ni parallel
chains, produced by the high-coverage deposition of the particles. Retrieved from Paper IV.

In addition to the electrodes and consecutive depositions, another control knob for tun-
ing the composition of nanoparticles is the carrier gas. The introduction of reductive or
oxidative environments during the particle generation process can lead to the formation of
metallic or oxide nanoparticles. Although in this work, most particles are generated under
a reductive carrier gas (N₂ with 5% H₂) resulting in metallic nanoparticles, the influence
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of carrier gases containing oxygen on the composition of particles is also explored. Paper
III examines the change in the composition of particles produced from pre-alloyed CoNi
electrodes under reducing (95%N₂ + 5%H₂), inert (N₂), and oxidative (air) environments.
A schematic illustration and chemical maps of the produced particles are shown in Figure
2.9. The results demonstrate that this strategy enables the transformation of particle com-
position from metallic to oxide while also allowing the formation of bi-magnetic systems
in partially oxidized particles.

Figure 2.9: (a) Schematic illustration and (b) chemical maps of particles produced from CoNi pre-alloyed electrodes under dif-
ferent carrier gases. Taken from Paper III.

2.3 Continuous Generation and Direct Integration

As demonstrated in Paper I, V, and VI, a key feature of the self-assembly technique demon-
strated in this thesis, is the ability to continuously generate nanoparticles and directly
integrate them onto chosen substrates. This provides a versatile route to realize various
nanoparticle-based components with a wide range of possibilities. The large-scale pro-
duction of these components could be envisioned through the automated motion of the
particle jet nozzle or substrate, which is currently being developed for fabricating porous
films used in catalysis[66]. In this work, the direct integration of nanoparticles is explored
mainly for two purposes: first, to develop magnetoresponsive soft films, and second, to
incorporate nanochains into electrical circuits. As shown in Paper V, the direct integration
of nanochains into polymer layers facilitates the fabrication of magneto-responsive films for
magnetic actuation. The fabrication technique presented here is based on the self-assembly
of the gas-phase nanoparticles into nanochains on a polymer layer and then lamination of
the materials to secure the particles at the interface, Figure 2.10(a). The produced magnetic
soft films have a highmagnetic response tomagnetic fields as shown in Figure 2.10(b), where
a magnetic film composed of Co nanochains is freestanding vertically on a permanent mag-
net with the chain axis along the field direction. Moreover, the bending performance of
samples produced on polyolefin and Kapton tapes is shown in Figure 2.11. The results show
a considerable bending angle of 36 ± 1◦ at 1 T and show that the bending angle can be
tuned by the amount of deposited materials and the mechanical properties of the polymer
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layer.

Figure 2.10: (a) Direct integration of nanochains on soft polymer layers. (b) A fabricated magnetic film freestanding vertically on
a permanent magnet, while the magnetic easy axis of the film follows the field lines of the magnet. (c) nanoparticle
self-assembly on metallic contacts, (d) the variation in MR response of the device correlated to different magnetic
states. Reproduced from Paper V and VI.

Figure 2.10(c) illustrates a 1D assembly of nanoparticles bridging the gap between two
metallic contacts, completing the two-terminal circuit. This straightforward approach, ex-
plored in Paper VI, allows for the facile fabrication of magnetoresistive devices with aniso-
tropic properties and represents the first realization using single nanochains as the sensing
elements. In these devices, the electric conductance and the magnetic state of nanostruc-
tures are interconnected, enabling both the study of magnetization switching and the po-
tential development of a low-cost magnetic sensing approach. In Paper VI, the study of
the magnetoresistance properties of these devices, as shown in Figure 2.10(d), provided in-
formation about the magnetization switching in these structures, which, to the best of our
knowledge, has not been previously reported.

17



Figure 2.11: A magnetic film, labeled as P2, with 12.5× 1.6 mm rectangular film between the poles of an electromagnet at (a)
0 and (b) 500 mT fields. (c) Quantitative analysis of bending angle per magnetic field for samples produced using
polyolefin and Kapton tapes. Taken from Paper V.
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2.4 Post-Processing of Assembled Structures

In addition to controlling the composition, tailoring the morphology of nanochains opens
up new possibilities in tuning the magnetic properties. This work demonstrates that the
morphology can be transformed from nanochains to nanowires by post-annealing. Al-
though nanochains and nanowires share features such as magnetic shape anisotropy, they
maintain distinct magnetic characteristics due to the differences in the dominant magnetic
interactions within the structures, as investigated in Paper I and V.
Figure 2.12(a)-(c) displays an as-prepared and two post-annealed nanochains at 400 and 500
C for 2 min, respectively. At relatively lower annealing temperatures, the nanoparticles start
to fuse to create continuous 1D structures with strong diameter modulation, whereas in-
creasing the temperature leads to cylindrical-like nanowires. Paper I and V study the effect
of post-annealing on the magnetic properties of nanochains using experimental and simu-
lation techniques and show that transformation of nanochains to nanowires, leading to a
change in the dominant interparticle interactions, from dipolar to exchange, considerably
affects the magnetic properties.
Despite the significant research into the self-assembly of nanoparticles, studies of post-
processing are largely absent in the literature, and post-annealing of nanochains has only
been studied by theoretical models and simulations[82, 83]. Figure 2.12(d) shows a de-
scriptive illustration of the shape change by post-annealing. In the initial phase, the chain
develops a smooth surface curvature. During this step, the chain first transforms into a
diameter-modulated nanowire and then into a smooth cylindrical shape. As annealing
progresses, the cylindrical shape undergoes axial shrinkage, forming oval shapes to minim-
ize the surface area. Eventually, upon continued annealing, the structures converge into
spheres. However, the mechanism has a clear dependency on the length of the structures,
and as the number of particles in a chain increases, more complex phenomena, such as the
mass accumulation at the ends of the cylinder and fragmentation, are expected.

Figure 2.12: SEM image of (a) an as-prepared nanochain, (b) a diameter-modulated nanowire formed by post-annealing at 400
C, and (c) a cylindrical-like nanowire fabricated by post-annealing at 500 C for 2 min. Extracted from Paper I. (d)
Descriptive illustration of morphology change from nanochains to diameter-modulated nanowires and nanowires,
and then progression to spheres (adopted from Ref[82]).

19





Chapter 3

Nanomagnetism

Nanomagnetism is a field of research dealing with themagnetic properties of nanostructures
and related phenomena. At these scales, materials exhibit unique behaviors governed by
the material’s intrinsic properties, crystal structure, size, and shape. The following chapter
provides an overview of the magnetism of nanoscopic objects with a focus on nanoparticles
and particle assemblies.

3.1 Fundamentals

3.1.1 Magnetic Ordering

Atoms with partially filled valence shells have a magnetic dipole moment, m⃗, due to the
electrons’ orbital and spin angular momenta. The atomic magnetic moment of the 3d
elemental solids and alloys studied in this thesis are mainly determined by the spin angular
momenta. The spin magnetic moment of a single electron is given by

m = −2μBms,

where ms = ±1/2 are the two projections of the spin angular momentum along a quant-
ization axis, referred to as ”spin-up” and ”spin-down”, and μB, Bohr magneton, is the unit
of electron magnetic moment. Note that the projected spin angular momenta ms is in the
opposite direction to the resulting magnetic moment.
The vectorial sum of the atomic magnetic moments per unit volume is called magnetiza-
tion, M⃗. In most elemental solids, magnetization at room temperature is zero since there is
no preferred orientation of the atomic magnetic moments in the absence of an applied mag-

21



Figure 3.1: (a) Paramagnetic, (b) ferromagnetic, and (c) antiferromagnetic state. Vectors represent the magnetic moment of the
atoms.

netic field. This state is called paramagnetism and is illustrated in Figure 3.1(a). However,
for Co, Ni, and Fe, the alignment of magnetic moments, called spontaneous magnetiza-
tion, leads to a permanently magnetized state. The origin of spontaneous magnetization is
the exchange interaction between the atomic spins. The exchange interaction between two
electrons sitting on neighboring atoms can be described by the Heisenberg Hamiltonian

H = −2J Ŝ1 · Ŝ2, (3.1)

where Ŝ1, and Ŝ2 are dimensionless spin operators, andJ , is the exchange constant defining
the nature and strength of the interaction. For J > 0, a ferromagnetic ordering with
parallel spins is favored, whereas an antiparallel spin configuration, called antiferromagnetic
ordering, occurs for J < 0, Figure 3.1. The strength of the exchange constant defines the
temperature up to which the magnetic order is retained, which in ferromagnetic materials
is known as the Curie temperature.
The magnetic moments of the transition metal ferromagnets are almost entirely due to

the 3d valence electrons. In a solid, the atomic valence states form energy bands. For
a ferromagnet, the density of states for the 3d band can be divided into ”spin-up” and
”spin-down,” which are separated in energy by the exchange interaction, Figure 3.2. The
exchange splitting leads to a difference in electron population, where the states with lower
energy are referred to as the ”majority band,” and the states of higher energy are called the
”minority band.” The imbalance between the ”majority spin” and ”minority spin” leads to
a net magnetization. As will be discussed in the following sections, this imbalance in the
electronic states plays a key role in electrical transport in magnetic materials, as well as their
interactions with X-rays.
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Figure 3.2: Schematics of 3d band structure (a) without and (b) with the exchange interaction. N(E) shows the density of states
with spin-up and spin-down electrons, and the colored arrows represent the magnetic moments in the two sub-
bands, which are antiparallel to the spin directions ”up” and ”down.”

3.1.2 Magnetic Anisotropy

The exchange interaction described by Equation 3.1 is isotropic and does not favor the align-
ment of the atomic magnetic moments in specific directions. Magnetic anisotropy refers
to energetically favorable directions for the magnetization called the easy axis/plane, while
those where the energy is maximized are referred to as the hard axis/plane.The easy axes can
form for several reasons, including the crystal structure and shape of the system. The aniso-
tropy that stems from the crystal structure is called magnetocrystalline anisotropy (MCA).
TheMCA arises from electrostatic interaction between the anisotropic charge distributions
associated with the electron’s orbital angular momentum and the neighboring ionic charges,
referred to as crystal fields. Depending on the crystal field and valence states, specific ener-
getically favorable crystallographic directions (easy axis) exist, to which the isotropic spin
magnetic moment couples through spin-orbit interaction. A first order approximation of
the MCA energy density of hexagonal and cubic crystals can be expressed as

EhexMCA = K1sin2θ,

EcubicMCA = K1(α
2
1α

2
2 + α2

2α
2
3 + α2

3α
2
1)

where θ is the angle between the magnetic moment and the easy axis, K1[J m-³] is the an-
isotropy constant, and αi are the direction cosines of magnetization. As seen in Figure 3.3
and the expression above, hexagonal crystals have a uniaxial anisotropy with an easy axis
and a perpendicular hard plane. Crystals with cubic MCA have easy axes along the <100>
or <111> directions depending on if K1 > 0 or K1 < 0. Examples of hexagonal and cubic
crystals are Co-hcp and Co-fcc.
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Figure 3.3: MCA easy axes in (a) hexagonal and (b) cubic crystal. In the latter, the easy axes are along the <100> or <111>
directions, depending on whether K1 > 0 or K1 < 0.

Another important type of magnetic anisotropy in this work originates from the shape of
the nanostructures. The magnetization generates a magnetic field inside the material, re-
ferred to as the demagnetization field. For anisotropic shapes, the magnetostatic interaction
between the magnetization and the demagnetization field is minimized along specific dir-
ections, resulting in a so-called shape anisotropy. The magnetostatic energy density of an
ellipsoid can be written as

EMS = −1
2
μ0
−→
H d ·

−→
M =

1
2
μ0NdM2, (3.2)

where M is the magnetization, Hd the demagnetization field, and Nd the demagnetizing
factor along a specific direction. For a spherical object, the demagnetization factor Nd is
1/3 in all directions. In an infinitely long cylindrical nanowire, Nd is 0 along the wire axis
and 1 in the perpendicular direction. Similarly, for an infinitely thin film, Nd is 0 for in-
plane magnetization and 1 for out-of-plane magnetization. Figure 3.4, illustrates the easy
and hard axis for these shapes.
In nanochains, the magnetization tends to lie along the long axis, similar to nanowires.
However, in nanochains, this is the magnetostatic coupling between the magnetization of
the nanoparticles that leads to a uniaxial anisotropy along the 1D assembly. Therefore, this
anisotropy is often interchangeably referred to as shape anisotropy or interaction anisotropy.
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Figure 3.4: Examples of easy and hard axes/planes based on the shape of nanostructures (a) isotropic nanoparticles, (b)
nanowires with uniaxial shape anisotropy, and (c) thin films with an easy plane.

3.2 Domain Formation in Nanostructures

As theHamiltonian in Equation 3.1 depends on the scalar product of the spins, the exchange
energy (with J > 0) favors a parallel ferromagnetic ordering of the atomic magnetic mo-
ments within structures. Having all the moments aligned throughout the whole volume
leads to a so-called single domain state (Figure 3.5) in sufficiently small nanoparticles. As
mentioned above, the interaction between the particle’s magnetization and the demagnet-
izing field is unfavorable as they are antiparallel, see Equation 3.2 and Figure 3.5(a). The
magnetostatic energy increases with particle size as the magnetization and the resulting de-
magnetization field become larger. Due to the unfavorable increase in the system’s energy,
the magnetic material splits into domains when the particle size reaches a critical value
known as the single-domain diameter to minimize the magnetic energy. Figure 3.5(b),(c)
schematically illustrate the minimization of the demagnetization field by domain forma-
tion.

Figure 3.5: (a) Single domain state and (b),(c) forming multi-domain state to minimize the magnetostatic energy.

When magnetic domains form, the magnetization at the domain boundaries undergoes a
gradual transition between the two directions. This occurs because a sudden flip in mag-
netization from one atomic plane to the next in ferromagnets significantly increases the
exchange energy. As a result, in these regions, known as domain walls, the magnetiza-
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tion gradually reorients from one direction to another along a characteristic width given
by δω =

√
A
K1

typically ranging from 10 to 100 nm in most materials. Here K1 is the
anisotropy constant, and A is the exchange stiffness, which is proportional to the exchange
constant by A ∝ J S2Zc/a where S is the spin quantum number of the material, Zc is the
number of atoms per unit cell, and a is the lattice parameter. The formation of domain
walls increases the exchange energy as reorientation creates an angle between magnetic mo-
ments. Thus, one can conclude that the possibility of domain formation is subject to the
interplay between the magnetostatic, exchange, and anisotropy energies. Based on this, the
critical diameter is proportional to the following relation

Dc ∝
√
AK1

μ0M2
s
,

where A and K1 are the exchange stiffness and anisotropy constant as before, andMs is the
saturation magnetization, i.e., the maximum magnetization when all magnetic moments
are fully aligned[84]. When assembling these particles into nanochains, the magnetic con-
figuration depends on the interparticle interactions, chain morphology, and the crystallo-
graphic orientation of the individual nanoparticles. In such cases, magnetic simulations,
such as micromagnetics, can incorporate the aforementioned energy contributions and the
morphology to determine the magnetic configurations. These simulations provide valuable
insights into the magnetic behavior of nanostructures and their preferred magnetization
states. Figure 3.6(a) and (b) present the simulation results of the magnetization state in
nanochains after removing a saturating transverse magnetic field, considering cases where
the MCA of particles are either randomly oriented or aligned along the chain axis. The
results suggest that when the shape anisotropy and MCA of nanoparticles are aligned, the
chains acquire a single domain state with moments along the chain axis. However, when
the MCA of nanoparticles is randomly oriented, the formation of antiparallel domains
along the chain occurs. Furthermore, Figures 3.6(c) and (d) illustrate the incorporation
of a multi-domain particle into the chains for both randomly oriented and aligned MCA
systems. The results show that, in the case of randomly oriented MCA, the antiparallel
domains share a domain wall in the large particle. In contrast, the aligned MCA system
forms a vortex-like structure within the large particle. Further analysis of domain formation
under zero magnetic field is studied in Paper I.
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Figure 3.6: Simulated magnetization state of Co-fcc nanochains without and with the inclusion of a multi-domain nanoparticle
after removing a saturating transverse applied magnetic field. Nanochain with (a) random MCA, and (b) aligned
MCA. Nanochain with the inclusion of a multi-domain particle with (c) random MCA, and (d) aligned MCA. Taken
from Paper I.

3.3 Magnetization Reversal in Nanostructures

The previous sections have focused on the equilibrium magnetic configuration in the ab-
sence of an applied magnetic field. However, understanding and controlling the magnet-
ization reversal and domain propagation are crucial for most applications. The following
section will describe these processes in single nanoparticles and nanochains. When an ex-
ternal magnetic field H⃗ is applied to a magnetic material, the system energetically favors
aligning the magnetization with the field based on the Zeeman energy density,

EZ = −μ0M⃗ · H⃗,

with μ0 being the vacuum magnetic permeability. By varying the field while investigat-
ing the magnetization, valuable information about the magnetic system can be achieved.
One main method is acquiring a magnetization curve of materials, where the magnetiza-
tion value is plotted as a function of the applied field from a saturation state to a reversed
saturating field. This measurement determines the sample’s saturation magnetization, Ms,
remanent magnetization, Mr, and coercivity, Hc, depicted for a ferromagnetic material in
Figure 3.7(a). The remanent magnetization shows the remaining magnetization of the spe-
cimen when removing the external field, and coercivity determines the reversed field in
which the net magnetization becomes zero.
Depending on the size of magnetic structures and also the exchange and anisotropy energies
of material systems, the Ms, Mr, Hc vary. Magnetic materials can generally be categorized
into hard, soft, and intermediate types. In hard magnetic materials, the resistance against
demagnetization is high, and thus these materials possess largeHc values (Figure 3.7(a)). On
the other hand, in soft magnetic materials, the tendency to demagnetization through spin
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reorientation is high, and these materials have small coercivity values, although commonly
having relatively high saturation magnetization (Figure 3.7(b)). Finally, the intermediate
type falls between these two categories.

Figure 3.7: Magnetic hysteresis loopwith highlighted saturationmagnetization,Ms, remanent magnetization,Mr, and coercivity,
Hc parameters, for (a) hard and (b) soft magnetic materials.

Depending on the energies present in the system, magnetic nanostructures manifest certain
reversal modes under a reversing field. Figure 3.8 depicts the dominant reversal modes, co-
herent, curling, and buckling, in a system with uniaxial anisotropy. In the coherent reversal
mode, the magnetic moments uniformly follow the reversed external field. This mode oc-
curs for systems where the exchange coupling between magnetic moments is strong, and
any magnetic non-uniformity in the system costs considerable energy. Figure 3.8(b) shows
a second reversal mode, the curling mode, where the magnetization forms a vortex-like
state where the moments are parallel to the surface, avoiding the increase in the stray field
as rotating away from the easy axis. This mode occurs where the increase in the exchange
energy due to the vortex-like states is not considerable and, at the same time, splitting into
domains is not fully favorable. Buckling (Figure 3.8(c)) is the third mode, less reported
than the other two, and can be considered as a combination of the coherent and curling
modes.
The reversal mechanism also depends on themagnetic system’s size. The correlation between
the size of nanoparticles and the reversal mechanism can be explained using the size de-
pendency of the nucleation field shown in Figure 3.8(d). The nucleation field is the field in
which the first deviations from a fully magnetized sample occur when the saturation field
is lowered. Figure 3.9 also depicts the correlation of the coercivity and the magnetization
states to the particle diameter.
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Figure 3.8: Magnetization reversal modes in nanoparticles with uniaxial anisotropy, (a) coherent, (b) curling, and (c) buckling.
(d) Size dependency of reversal modes (adopted from Ref[84]).

Figure 3.9: Intrinsic coercivity per particle diameter (adopted from Ref[85]). Dc is the single-domain critical diameter.

Looking beyond single particles and considering an assembly of interacting particles, such
as chains, creates a special condition where particles maintain their intrinsic properties while
being under the influence of the nearby particles. As an example, Figure 3.10 displays the
simulated coercivity of Co-fcc nanochains of various lengths and with different interparticle
crystallographic orientations andmagnetic interactions Paper I. As can be seen, the coerciv-
ity increases as more particles are added due to the emergence of a uniaxial shape anisotropy,
reaching a plateau at a chain length of about 300 nm. The graph also demonstrates how
the crystallographic orientation, and consequently theMCA, of the nanoparticles along the
chain affect the coercivity. In this case, having the same crystallographic orientation and
theMCA aligned with the chain axis results in a larger coercivity than having a random ori-
entation. Finally, fusing the interparticle junctions to form nanowire-like structures leads
to a partially crystallographic alignment and changes the dominant interactions from di-
polar to exchange and a significantly enhanced coercivity.
Unlike domain formation in nanoparticles and cylindrical nanowires, which is studied in
good detail, domain formation in particle assemblies is largely absent in the literature and
requires further investigation to fully understand the underlying mechanisms. To address
this, the current study emphasizes the investigation of magnetization reversal and domain
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formation of single nanochains in Paper I and VI, combining X-ray microscopy (Section
4.2.1) and simulations. As an example, Figure 3.11 shows simulated magnetization reversal
results from a nanochain with realistic morphology. The results reveal a complex magnet-
ization reversal process in which regions with several or larger nanoparticles facilitate the
switching, while smaller particles act as pinning sites, hindering domain propagation.

Figure 3.10: Simulated coercivity of nanochains and nanowires per length. Retrieved from Paper I.

Figure 3.11: (a) SEM image of an experimentally produced nanochain, (b) Simulated magnetization reversal of a nanochain
modeled from the SEM image, demonstrating nonuniform reversal behavior. (c) Simulated hysteresis loop of the
structure showing a remanent magnetization, with highlighted data points corresponding to the visualized mag-
netization states. Taken from Paper VI.
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3.4 Magnetoresistance

Magnetoresistance (MR) is the variation in amaterial’s electrical resistance caused by changes
in its magnetic state. In magnetic materials, the electrical resistance varies depending on
the relative orientation of the electric current and the magnetization. This effect is known
as anisotropic magnetoresistance (AMR), which leads to a 2-5% change in the system’s res-
istance.
Larger MR has been observed in systems where nonmagnetic conducting spacers separate
magnetic regions in the form of multilayers[86, 87]. In these systems, when the magnetic
states of two magnetic layers are parallel, electrons experience a lower resistance than the
antiparallel configuration. The non-magnetic spacers decouple the magnetic layers so that
they can reverse their magnetization independently. The basis of this effect, called GMR,
is the spin-dependent scattering of electrons passing through magnetic layers. In 3d trans-
ition metals, the conductance is dominated by the s electrons, and the resistance is mainly
due to scattering of these electrons into empty d states near the Fermi energy. Most elastic
collisions conserve spin, and the conduction channels composed of electrons with spin-up
and spin-down can be considered independent (two-channel model). In a ferromagnet,
the majority electrons have a spin direction antiparallel to the magnetization, see FM layer
in Figure 3.12(a). As demonstrated in Figure 3.12(b), if two ferromagnetic layers, FM1 and
FM2, are magnetized in the same direction, s electrons with spins antiparallel to the mag-
netic moments have a low probability of being scattered as there are few available empty
majority states in the d band. Consequently, it is mainly s electrons with minority spins
that scatter as they are transported through the layered system, leading to a lower resist-
ance. In contrast, if the two layers are magnetized in the opposite directions, the majority
electrons in FM1 are minority electrons in FM2 and vice versa, leading to an overall higher
scattering and resistance.

Figure 3.12: (a) Ferromagnetic layer (FM) showing the antiparallel alignment of magnetization and electrons with majority spins.
(b) FM1 and FM2 layers with a nonmagnetic conducting spacer, illustrating the scattering of spin-up and spin-down
s electrons in parallel and antiparallel majority spin configurations resulting in low and high resistance, respectively.

Employing sufficiently thin insulating spacers leads to tunnelingmagnetoresistance (TMR),
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which exhibits greaterMR compared to GMR[88]. Besides multilayer structures, this effect
is observed in granular systems where magnetic nanoparticles are embedded in an insulat-
ing matrix or where there are small gaps between particles[89]. The TMR effect relies
on the spin-dependent quantum-mechanical tunneling of electrons through the insulat-
ing barriers[90]. Figure 3.13(a),(b) displays schematics of the band structure of the two
magnetic layers with a tunnel barrier between them. In this illustration, when the mag-
netization of the two ferromagnetic layers is parallel, there are plenty of available minority
electrons and empty minority states at the Fermi energy to tunnel between. If, instead, the
two layers are magnetized in opposite directions, the majority spins in the first layer tunnel
to the minority states in the second and vice versa, leading to an increase in the resistivity
as there are fewer available electrons and empty states. Similar to the scattering events in
GMR, tunneling is assumed to preserve the electron spin.
Assemblies of nanoparticles are intriguing candidates for the study and use of TMR, since
in these structures the tunnel barrier forms naturally as the result of interparticle gaps and
not as a secondary material. Although a combination of MR effects can be present in the
nanochains studied in this thesis, TMR is likely the dominant effect as small gaps separ-
ate the nanoparticles. In this work, MR is used as a tool for studying the magnetization
reversal as it is highly sensitive to changes in the magnetic configuration of nanostruc-
tures. To measure MR from single or multiple nanochains, magnetic nanoparticles were
directly self-assembled across source-drain gold contacts with desired dimensions prepared
by electron-beam lithography as shown in Figure 3.14 (Paper I and VI).

Figure 3.13: Band structure schematic of two ferromagnetic regions separated by a tunnel barrier in (a) parallel, and (b) anti-
parallel configurations illustrating the low and high electrical resistances, respectively. Here, the colored arrows
represent the magnetic moment of electrons.
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Figure 3.14: Magnetoresistive devices fabricated by the self-assembly of Co nanoparticles on source-drain terminals (a) multiple
nanochains on a 500 nm gap, (b) multiple nanochains on a 1 μm gap, and (c) an individual nanochain over a 1 μm
gap. Reproduced from Paper I and VI.

MR measurements on single nanochains showed that magnetization reversal in each chain
is unique. However, a common behavior observed for these structures is composed of a
negative response around the nucleation field and a positive response at the coercive field.
Figure 3.15(a) and (b) show the SEM image and the MR response of the corresponding
structure, respectively. The negative MR response can be correlated to the formation of
a transverse magnetization component with regard to the current, and an increase in the
resistance can be explained by the formation of domains with antiparallel magnetization.
The contributions of these effects vary depending on the nanochain device, resulting in
different MR behaviors. In addition, the anisotropy of the MR response was explored by
performing the MR measurements at a series of angles from 0◦ to 360◦ as shown in Fig-
ure 3.15(c). The results demonstrate the effect of shape anisotropy on the magnetization
reversal.

Figure 3.15: (a) SEM image of a single Co nanochain device with 1 μm gap between the source and drain. (b) MR measured
under a constant DC voltage of 2 V, with the magnetic field varied along the chain axis (φ = 0) at 50 mK. (c)
Angular dependence of MR, sweeping the field from −1 to 1 T at different φ angles. Retrieved from Paper VI.
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Chapter 4

Experimental Techniques and
Simulation Tools

As described inChapter 3, materials’ structural andmagnetic properties are strongly coupled.
Thus, a detailed study of the crystal structure and magnetic behavior of the self-assembled
structures is necessary. In this work, electron microscopy is used to investigate the morpho-
logy, crystal structure, and chemical composition of the nanostructures. X-ray diffraction is
utilized to further understand the crystal structure of the samples. Magnetometry is used to
obtain the magnetization curves of samples through different measurement protocols, and
synchrotron X-ray microscopy with magnetic contrast is implemented to image magnetic
domains in single nanochains. Additionally, magnetotransport properties of nanochains
are probed by electrical measurements on devices made by electron lithography. The fol-
lowing is an introduction to the experimental methods used in this work.

4.1 Electron Microscopy

Electron microscopy is an essential and widely used technique for imaging nanoscale struc-
tures. Unlike conventional light-basedmicroscopes, electronmicroscopes employ a focused
beam of electrons to probe samples. This preference for electrons over light stems from
the significantly smaller de Broglie wavelength of electrons compared to photons, which
provides a much higher resolution. There are two main types of electron microscopes,
known as scanning electron microscopes (SEMs) and transmission electron microscopes
(TEMs). Generally, SEMs are used to probe the morphology of nanostructures with a
resolution in the order of a few nanometers, while TEMs provide information about the
crystal structure of materials with a resolution on the order of angstroms.
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4.1.1 Scanning Electron Microscopy

Scanning electron microscopes (SEMs) consist of a column where electrons are generated
at the upper end and accelerated towards the lower end, where the sample is positioned.
To obtain high-quality images, it is crucial to have a precisely shaped and focused electron
beam directed onto the sample. This is achieved by employing electromagnetic lenses along
the beam path as shown in Figure 4.1(a). SEMs typically operate with accelerating voltages
of 1 to 30 kV, chosen based on the sample properties and the desired information. In
SEMs, the electron beam is used to raster scan a small area of the sample, and the signal,
coming from electrons emitted or reflected from the sample, is detected, and an image of
the area is achieved. As the material is exposed to a high-energy electron beam, among all
the emitted species, two main categories of electrons are released from the exposed area:
secondary (SE) and backscattered (BSE) electrons. Secondary electrons exist in the con-
duction or valence band of the sample and are emitted as the material is exposed to the
electron beam. However, backscattered electrons are the electrons that reflect back from
the sample through the elastic interaction of the incoming electron beam and the mater-
ial. While secondary electrons provide information about the topography of the sample,
backscattered electrons are sensitive to the atomic number of regions within a sample.
In this work, SEM is used to image the magnetic structures to study their morphology.
Moreover, identical-location SEM imaging is used to follow the self-assembly process particle
by particle, by repeatedly imaging the same region of the substrate at different deposition
coverages, allowing direct observation of structural evolution over time.

4.1.2 Transmission Electron Microscopy

Transmission electron microscopes (TEMs) use a more sophisticated electron column that
generates and shapes a fine electron beam, typically with energies in the range of 80-300
kV. The higher electron energy leads to enhanced resolution in TEMs compared to SEMs.
In TEMs, a relatively wide electron beam transmits through a thin sample (typically below
200 nm thickness), and the image or diffraction pattern of the sample is acquired by a
set of electromagnetic lenses placed below the sample area as depicted in 4.1(b). Figure
4.2 shows examples of high-resolution TEM images from Co nanoparticles. Additionally,
this microscope can operate in scanning mode, known as scanning transmission electron
microscopy (STEM). In STEM, a focused electron beam scans across the sample, and the
information is gathered through the detection and analysis of either scattered electrons
or emitted characteristic X-rays from each scanned point. The STEM mode of operation
can be coupled to an energy-dispersive X-ray spectrometry (XEDS) detector to analyze the
emitted X-rays from the material and obtain the chemical composition of the scanned area.
In this work, TEM is implemented to acquire high-resolution images of the crystal structure
of nanoparticles, and STEM-XEDS is utilized to study the composition of the structures.
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Figure 4.1: Schematic of (a) scanning electron microscope with SE and BSE detectors, and (b) transmission electron microscope
equipped with an XEDS detector.

Figure 4.2: High-resolution TEM images of Co nanoparticles and their orientation with regards to each other. Sourced from the
supplementary information of Paper I.

4.2 X-Ray Based Techniques

4.2.1 Scanning Transmission X-Ray Microscopy

Scanning transmission X-ray microscopy (STXM) employs a nano-focused X-ray beam in
which the sample is raster scanned across, and the transmitted intensity from each point is
detected to produce an absorption image of the sample. A schematic of STXM composed
of a zone plate, order sorting aperture (OSA), raster scanning stage, and point detector is
shown in Figure 4.3. The zone plate is a diffractive optical element that focuses X-rays onto
the sample. It consists of a circular grating made of concentric rings with varying widths,
designed to function as an X-ray lens. The alternating transparent and opaque zones diffract
the incoming X-rays and create an interference pattern that focuses the X-rays to a small
spot. The order sorting aperture, which is placed after the zone plate, blocks unwanted
diffraction orders from the zone plate. The sample holder, mounted on a high-precision
raster scanning stage, holds the sample in place and moves it with nanometer precision
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relative to the focused X-ray beam. The stage scans the sample point-by-point across the
beam, allowing the system to build up an absorption image by detecting transmitted X-rays
at each position using a detector.
Figure 4.4 (a) and (b) show an SEM and STXM image of the same Co nanochains. Re-
cording and integrating the total absorption from STXM images of an object obtained at
different photon energies provides nano X-ray absorption spectra (XAS), as shown in Figure
4.4(c). In this example, the XAS is recorded at the Co L3 edge corresponding to excitation
of the 2p core-level to unoccupied 3d valence states. The ability to tune the X-ray energy to
a specific absorption edge enables element specificity and allows for imaging with spatially
resolved elemental contrast. An example of such measurement is demonstrated in Figure
4.4(d), where the FeNi and FeCo regions of the chains are identified by analyzing image
stacks acquired over a range of energies around the Co and Ni L3 edges.

Figure 4.3: Schematic of scanning transmission X-ray microscope composed of a zone plate, OSA, sample stage, and point
detector in front of an energy-selected X-ray beam.

Figure 4.4: (a) SEM and (b) STXM images of the same Co nanochains. (c) Polarization dependent XAS at the Co L3 edge obtained
using right (I+) and left (I−) polarizations together with the total XAS (I+ + I−) and XMCD (I+ − I−) spectra.
(d) SEM image of a multi-segmented sample composed of FeNi and FeCo alloy nanoparticles, together with STXM
image at the Co and Ni L3 edges, with chemical contrast obtained from analyzing image stacks.

Themagnetism of the elemental and alloyed ferromagnets studied in this thesis is governed
by the 3d valence electrons. The magnetic moment of the 3d valence state can be probed
using circular polarized X-rays that lead to spin-dependent 2p → 3d excitations. Here,
right circular polarized X-rays excite 25% spin-up and 75% spin-down electrons from the
2p1/2 state (L2 edge), and 62.5% spin-up and 37.5% spin-down from the 2p3/2 state (L3
edge). The opposite spin-polarization is obtained using left circular polarized X-rays. There
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is no difference in absorption between the two helicities for a non-magnetized sample since
the valence band has an equal number of available spin-up and spin-down states. However,
in the presence of the exchange splitting in the 3d valence bands, there will be an imbal-
ance between the empty states with spin-up and spin-down and a difference in intensity
in the absorption spectra from the two helicities (Figure 4.5). The difference in absorption
between right and left circular polarized photons provides an XMCD spectrum (Figure
4.4(c)) from which the spin and orbital moments of the valence states can be quantitatively
determined using so-called sum rules[91]. In this work, another feature of the XMCD spec-
tra is explored, namely that the maximum intensity is proportional to the 3dmagnetization
projected onto the direction of the X-ray beam.

Figure 4.5: Transitions from a 2p core-level to the 3d valence, where the availability of spin-up and spin-down states differ, leading
to a variation in the absorption of right and left circularly polarized X-rays, giving rise to the XMCD effect. N↓ and
N↑ schematically illustrates the density of states with spin-down and up electrons. Note that the spin direction is
preserved in the absorption process and that the majority electrons giving rise to the magnetization have opposite
spin to the magnetization direction.

When combining STXM and XMCD, one can obtain spatially resolved magnetic contrast,
which allows the study of magnetic domains and magnetization reversal at the nanoscale.
Figure 4.6 shows SEM, STXM, and STXM-XMCD images of Co nanochains deposited
on a TEM grid, Paper VI. STXM-XMCD images of the region, at the Co L3-edge, are
acquired by taking two absorption images with right and left helicities and then superim-
posing and subtracting them. Figure 4.6(d) shows a top view of the measurement geometry
used in this work, together with the direction of the in situmagnetic field. The sample was
mounted at a 30-degree angle with respect to the X-ray beam to probe the magnetization
along the nanochains.
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Figure 4.6: (a) SEM and (b) X-ray absorption image of an identical area of the sample. (c) STXM with magnetic contrast acquired
under different magnetic fields ranging from +415 to −415 mT, along the nanochains, depicting magnetization
reversal in the chains (scale bars = 1 μm). (d) Top view of the STXM-XMCD measurement geometry. Taken from
Paper VI.

4.2.2 X-ray Diffraction

X-ray diffraction (XRD) is a powerful technique for the structural characterization of crys-
talline materials. When a material is exposed to an X-ray beam, the beam interacts with the
electrons localized to the ions in the crystal. These elastic interactions cause the atoms to
emit secondary waves propagating in concentric spherical wavefronts. In a crystalline struc-
ture where atoms are arranged in a highly ordered periodic fashion, these emitted waves
interfere constructively or destructively, depending on their phase relationships. Con-
structive interference gives rise to observable diffraction peaks when the path difference,
2d sin(θ), between X-rays scattered from adjacent planes equals an integer multiple of the
X-ray wavelength, which is known as the Bragg’s law expressed as:

2dsin(θ) = nλ

where n is an integer representing the order of reflection, λ is the wavelength of the incident
X-rays, d is the distance between adjacent atomic planes in the crystal (interplanar spacing),
and θ is the angle of incidence of the X-rays, see Figure 4.7(a). Information about the
crystal structure, including the lattice parameters, atomic positions, and symmetry, can be
extracted by analyzing the angles and intensities of these diffraction peaks. Figure 4.7(b)
shows an example of an XRD pattern from FeCo nanoparticles. As opposed to TEM
analysis done on individual nanoparticles, XRD patterns provide an ensemble-averaged
analysis of the nanoparticles, and the sample is explored on a millimeter scale.
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Figure 4.7: (a) A schematic showing the scattering of X-rays from a part of a crystal lattice. (b) XRD pattern obtained from FeCo
alloy nanoparticles (sourced from Paper II).

4.3 VSM-Magnetometry

Vibrating SampleMagnetometry (VSM) is a widely employed approach for quantifying the
magnetization of materials as a function of parameters like magnetic field or temperature.
In the VSM setup, the sample undergoes controlled vibrations within close proximity to a
set of coils known as pick-up coils. The vibration of the sample maintaining magnetization
produces a time-varying magnetic field on the coil, which results in the induction of current
into the circuit. The induced signal in the coil is then analyzed and interpreted as a mag-
netic moment. The winding of the coils is designed to remove background noises from the
signal effectively. The analysis of the signal is typically performed through two methods,
the standard lock-in amplifier technique for measuring the induced current in the coils or
the superconducting quantum interference device (SQUID). The latter method provides a
much higher sensitivity as it utilizes superconducting loops and Josephson junction prin-
ciples in quantifying the signal, and thus, samples with low magnetic moments can be
investigated. A schematic of a SQUID-VSM is depicted in Figure 4.8.
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Figure 4.8: Schematic of a SQUID-VSM device for measuring magnetization.

4.4 Nanofabrication

4.4.1 Electron-Beam Lithography

Creating well-defined nanoscale features on a substrate is essential for many studies within
nanotechnology. Electron beam lithography (EBL) is a versatile technique that can be used
to achieve this. As shown in Figure 4.9, in this technique, first, the substrate is coated with
a polymer layer with the desired thickness called the resist layer. Then, a focused electron
beam, similar to SEM, is employed to precisely expose the desired parts of the resist to loc-
ally manipulate the solubility of the polymer. After this, a development solution is used to
wash away the areas with higher solubility (the exposed areas), and the substrate with pat-
terned resist goes under a thin film deposition. Finally, by dissolving the resist, the excess
film layer is lifted off, and the substrate remains with the desired pattern as a metal layer.
In this study, EBL is used to fabricate electrodes needed for transport measurements. Not-
ably, since the presented self-assembly method allows the direct deposition of nanoparticles
on most substrates, a straightforward approach is developed for the transport measure-
ments, where first the contacts are made, and then the magnetic nanoparticles are self-
assembled across the gaps between the source and drain.

Figure 4.9: A cross-sectional view of EBL process.
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4.4.2 Transport Measurements

Transport measurements are performed by probing the resistance of the samples under
a constant bias voltage while sweeping the magnetic field magnitude or direction. Pre-
patterned substrates comprising 24 device fields are used, and further EBL processing is
performed to add contacts with desired shapes and sizes to the substrates. After that, the
self-assembly of particles on the pre-made contacts is carried out. The connectivity of the
devices is then first checked at room temperature using a probe station, and for conducting
magnetoresistance measurements, the chips are packaged and wire-bonded onto suitable
carriers. Figure 4.10 illustrates an example of such chips. Additionally, Figure 4.11, shows
the device fabrication approach with before and after deposition images on a different con-
tact design. When the chip is ready, it is loaded into the measurement system, and the
analysis is carried out. The measurements are performed in a dilution refrigerator equipped
with a superconducting 9-1-1 T vector magnet. To run the superconducting magnet, the
devices are cooled down to the base temperature of the refrigerator, around 20 mK.

Figure 4.10: A packaged and wire-bonded chip prepared for the measurements, comprising of 7 two-terminal bonded devices.

Figure 4.11: A device fabricated by deposition on pre-made connections with a 1 μm gap distance, (a) before and (b) after the
nanoparticle deposition.
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4.5 Micromagnetism as a Computational Tool

Micromagnetic simulation is a powerful tool for describing magnetization processes in
the sub-micron scale[92]. Micromagnetics integrates quantum mechanical effects such as
exchange energy, essential for ferromagnetism, within a classical continuous vector field.
This semi-classical theory resolves magnetic domains and domain-wall structures, enabling
accurate computation of hysteresis and equilibrium states of magnetic structures[92, 93].
Additionally, magnetization dynamics can be described using the Landau-Lifshitz-Gilbert
equation on the picosecond timescale[92, 94, 95, 96].
Micromagnetics considers the magnetic material to be made up of discrete blocks with a
homogeneous spin density and constant magnetization described by a vector field

M⃗(x) = Msm⃗(x) with |m⃗(x)| = 1,

where Ms is the spontaneous magnetization, which at zero temperature simulations is the
saturation magnetization, and x represents the position. As an example, Figure 4.12(a)
shows a discretized space of 20× 10× 1 nm³ composed of 1× 1× 1 nm³ cells. In Figure
4.12(b), the associatedM(x) for each cell is illustrated forming the vector field. Thus, micro-
magnetics considers the interactions between a discrete set of blocks instead of individual
spins, simplifying the calculations and providing a cost-efficient simulation of magnetic
structures up to a few microns.

Figure 4.12: (a) A 20 × 10 × 1 nm³ discretized magnetic layer composed of cells, (b) vectors assigned to each cell building up
the vector field.

Micromagnetic simulations can be performed mainly in two modes, depending on the
purpose of the study, known as dynamic and static simulations. The latter is used in this
thesis, where the stable magnetization configuration at a given magnetic field is obtained
by minimizing the total energy of the system. For a nanochain structure, the total energy
density can be expressed as
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Etot = A(∇m⃗)2 − K1
[
m⃗1

2m⃗2
2 + m⃗2

2m⃗3
2 + m⃗1

2m⃗3
2]− 1

2 μ0 M⃗ · H⃗d − μ0Ms m⃗ · H⃗
with mi = m · ui (i = 1, 2, 3).

The first term represents the exchange interaction, the second term accounts for the mag-
netocrystalline anisotropy with ui being the unit vectors defining the easy axes of the cubic
crystal, the third term reflects the magnetostatic energy contribution, and the final term
describes the Zeeman energy. The input parameters to the energies consist of the exchange
stiffness constant A, cubic anisotropy constant K1, MCA orientations, and spontaneous
magnetization Ms. In this work, micromagnetic simulations are conducted by Ubermag
with OOMMF micromagnetic calculator that obtains the configuration with the nearest
energy minimum using numerical optimization methods[97, 98].
In Paper I, and II, magnetic behavior of nanochains are explored through micromagnetic
simulations, by designing chains as a linear arrangement of spheres with sizes around 40
nm, and cubic MCA.This type of simulation provides a general understanding of preferred
magnetization states or magnetization reversal processes. However, to expand upon the ef-
fect of the morphological features of nanochains in the magnetization reversal, an algorithm
is developed, presented in Paper VI, by which experimentally produced nanochains can be
converted to 3D magnetic models, which are then fed to the micromagnetic simulations.
This methodology allows for more precise simulations of nanochains and provides a better
understanding of the magnetic properties of such structures, since the morphological fea-
tures play a crucial role in the magnetization reversal.
The process of building magnetic models from SEM images begins with loading the image
using the Open Source Computer Vision (OpenCV) library in Python. Following this,
particle detection takes place. Initially, the images are prepared by thresholding to remove
the background, and then the contours of the particles are detected using OpenCV’s “find-
Contours” function. Information about each detected particle, such as its center position
(in x and y axes), major and minor axes lengths, and orientation angle, is extracted using
“minAreaRect” which allows the reconstruction of the structure. Since the particles are
mostly symmetric, the unknown depth diameter of the particles is approximated to one of
the known axes. Then, adjustments are made to avoid overlapping particles by calculating
the intersection of their bounding boxes. To mitigate the overlapping of the particles, they
are slightly moved along the depth. Following particle detection and adjustments, a Pandas
DataFrame containing particle parameters is constructed. This DataFrame serves as input
for the Ubermag-OOMMF simulation framework. A schematic of the process is shown in
Figure 4.13.
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Figure 4.13: Steps involved in the image processing and building magnetic simulation models from an SEM image to a magnetic
vector field. Taken from the supplementary information of Paper VI.
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Chapter 5

Conclusions and Outlook

Studies carried out within this thesis cover a range of topics, from the production and
controlled self-assembly of gas-phase generated nanoparticles to the detailed characteriza-
tion of their magnetic properties and the development of nanoscale devices and magneto-
responsive soft films. This chapter summarizes the main conclusions derived from different
parts of the work and finishes with an outlook on potential pathways for the future.

Main Conclusions

Gas-Phase Nanoparticle Generation

In this work, different nanoparticles, particularly Co, Ni, FeCo, and FeNi, are generated.
The structural characterizations show that the particles maintain high crystallinity and
phase uniformity. The spark ablation method proved its versatility in producing various
metallic nanoparticles with subtle variations in the production parameters. The capability
of alloy nanoparticle generation is shown in two ways: co-ablating two different electrode
materials and using pre-alloyed electrodes as anode and cathode. Both strategies resulted in
alloys with a uniform distribution of elements in FeCo and FeNi. However, for producing
nanoparticles with specific compositions, only the latter strategy can provide good control
as, in this case, the nanoparticle compositions closely match the electrodes.
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Controlled Self-Assembly of Nanoparticles

It is shown that the composition of chains can be tuned by the consecutive deposition of
nanoparticles with different compositions, which opens the way for tuning the physical
properties of these structures for various purposes. It is also demonstrated that the use
of charged magnetic gas-phase nanoparticles enables control over the assembly process by
adjusting the ratio of applied electric andmagnetic forces on the particles during deposition.
While low electric fields assemble nanoparticles into longer chains with large interchain
spacing, high electric fields result in shorter chains and a more compact chain placement.
The importance of this strategy is that the final structures can be tuned without adding
complexities to the process, as no substrate patterning or masking is required.

Direct integration

In addition to all the capabilities of the methodology demonstrated in this work, particu-
larly in particle generation and deposition, the thesis shows that the combination of electric
and magnetic fields allows for controlled self-assembly and direct integration of charged
nanoparticles on substrates. This work explores this capability by developing magneto-
responsive soft films suitable for magnetic actuation and magnetoresistive devices used for
magnetization reversal studies. Maintaining the anisotropic behavior of the nanochains, the
films respond highly to magnetic fields. Moreover, it is demonstrated that the developed
method allows for tuning the bending performance by varying the amount of deposited
material and the mechanical properties of soft layers. Furthermore, this capability enables
the integration of nanochains onto pre-patterned silicon chips. To the best of our know-
ledge, this allowed for the first magnetotransport studies of nanochains.

Magnetic Properties

This thesis studies the magnetic properties of random nanoparticle assemblies, 1D nano-
chains, and nanowire-like structures in detail. It is demonstrated that arranging the nan-
oparticles into nanochains introduces a significant shape anisotropy and that fusing the
particles by post-annealing substantially influences the magnetic interactions and defines
the magnetic behavior of Co nanowire-like structures.
The direct integration capability of the developed methodology allowed for studying in-
dividual nanochains using X-ray microscopy and magnetoresistance measurements. The
experimental results, complemented bymicromagnetic simulations, reveal that themagnet-
ization reversal in Co nanochains follows a nonuniform switching governed by the mor-
phology of the assembled system. Despite this, averaging the XMCD contrast over the
individual structures showed that the self-assembled systems have similar magnetization
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remanent and coercivity values.

Outlook

This work can be expanded in several ways concerning gas-phase production, self-assembly,
and applications. One important aspect that can be developed is controlling the crystal
phase of nanoparticles in-flight through suitable thermal processes, such as tuning the res-
idence time in the furnace. This can help a better control in producing nanoparticles where
the crystal structure of the material is important, such as in CoPt and FePt alloys where L10
phase formation is necessary to obtain hard magnetic properties. Controlling the crystal
phase of particles in-flight can also pave the way for producing oxide nanoparticles with
desired structures, which is of importance and value due to the wide applications of oxide
magnetic nanomaterials.
Another interesting pathway is continuing on the characterization of multi-segmented and
nanocomposite structures, focusing not only on the magnetic properties but also on the
electrochemical and catalysis studies. Moreover, the nanocomposite structures are inter-
esting from the viewpoint of electromagnetic wave shielding because of the composition
control and the porous morphology of structures, which enable multiple reflections and
scattering of waves.
The direct integration of self-assembled structures is one of the key aspects of this meth-
odology. Although there is significant progress in the magnetic microactuation field using
other synthesis methods, the direct integration of gas-phase nanoparticles can open up new
possibilities, such as for the large-scale integration of magnetic nanostructures into soft ac-
tuators. This capability is hard to achieve using common multi-step chemical methods.
Figure 5.1 displays a conceptual schematic of the continuous production of magnetic films
in a roll-to-roll process, highlighting a promising direction for future development.

Figure 5.1: Conceptual schematic of the roll-to-roll process for the continuous fabrication of magnetic films, where a pristine
polymer layer is coated by the assembly of nanoparticles and then laminated and rolled. Retrieved from Paper V.
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Appendix

Aerosol Instruments

Bipolar diffusion charger

A bipolar diffusion charger is a device designed to establish a known charge distribution
on aerosol nanoparticles through ion-particle interactions in a controlled environment. In
this work, a diffusion charger with Ni⁶³ radioactive source is used, which emits β radi-
ation and ionizes the surrounding gas. The ions undergo Brownian motion and diffuse
toward the nanoparticles, transferring charge upon collision. The charge distribution ob-
tained follows a probabilistic Boltzmann equilibrium, where particles gain both positive
and negative charges. As the result of ion-particle interactions in the diffusion charger,
the aerosol particles consist of neutral, positively charged, and negatively charged particles
with a well-defined charge distribution. The bipolar charge distribution of the particles is
detailed in Ref[99]. In this work, bipolar diffusion charging is used before the size selection
step, ensuring that nanoparticles maintain a predictable charge distribution.

Differential Mobility Analyzer

Differential Mobility Analyzers are widely used in aerosol technology for size-selecting nan-
oparticles based on their electrical mobility. DMAs comprise a chamber with two plates,
e.g. in a concentric cylindrical geometry, between which a constant high electric field is
established. As poly-disperse particles enter the DMA, a sheath gas flow carries them into
the electric field and ultimately guides the particles with desired electrical mobility out
through a narrow slit. As particles travel through the electric field, the ones with higher
electrical mobility (smaller particles) get deposited on the plates before the outlet slit, while
low-mobility particles either get deposited after the slit along the plates or exit the cham-
ber with the sheath gas to the exhaust. Changing the electric field can change the size of
particles exiting DMAs. The particles coming out of the DMA have a similar polarity,
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which in this study are negatively charged particles. Positively charged particles get attrac-
ted and deposited inside the DMA, and neutral particles leave the DMA with the sheath
flow to the exhaust. Figure 2 shows a simple schematic demonstrating DMA size selection
principles. Electrical mobility is described by

zp =
neCc

3πηDp
, (1)

where n is the number of charges on the particle, e is the elementary charge, Cc is Cunning-
ham slip correction, η is the dynamic viscosity of gas and Dp is diameter of the particle.

Cc = 1+
2λ
Dp

(
A1 + A2e

−A3Dp
λ

)
(2)

with λ being the mean free path, and An are experimentally determined coefficients.

Figure 2: Schematic illustration of a DMA.

Electrometer

Electrometers play a crucial role in aerosol technology for acquiring aerosol particle concen-
tration based on measuring the electrical charge they carry. These highly sensitive devices
detect small currents generated when charged aerosol particles pass through an electrode or
are collected on a filter. The electrometer estimates the particle concentration in the gas by
measuring the current induced or transferred by the charged particles. This particle con-
centration is essential as it can be used to determine the deposition time needed to achieve
a desired particle concentration on substrates.
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